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SUMMARY

Temporal simultaneity provides an essential cue
for integrating multisensory signals into a unified
perception. Early visual deprivation, in both animals
and humans, leads to abnormal neural responses to
audiovisual signals in subcortical and cortical areas
[1–5]. Behavioral deficits in integrating complex au-
diovisual stimuli in humans are also observed [6, 7].
It remains unclear whether early visual deprivation af-
fects visuotactile perception similarly to audiovisual
perception and whether the consequences for either
pairing differ after monocular versus binocular depri-
vation [8–11]. Here, we evaluated the impact of early
visual deprivation on the perception of simultaneity
for audiovisual and visuotactile stimuli in humans.
We tested patients born with dense cataracts in one
or both eyes that blocked all patterned visual input
until the cataractous lenses were removed and the
affected eyes fitted with compensatory contact
lenses (mean duration of deprivation = 4.4 months;
range = 0.3–28.8 months). Both monocularly and
binocularly deprived patients demonstrated lower
precision in judging audiovisual simultaneity. Howev-
er, qualitatively different outcomeswere observed for
the two patient groups: the performance of monocu-
larly deprived patients matched that of young chil-
dren at immature stages, whereas that of binocularly
deprived patients did not match any stage in typical
development. Surprisingly, patients performed nor-
mally in judging visuotactile simultaneity after either
monocular or binocular deprivation. Therefore, early
binocular input is necessary to develop normal neural
substrates for simultaneity perception of visual and
auditory events but not visual and tactile events.

RESULTS AND DISCUSSION

We examined how a short period of monocular or binocular

deprivation after birth affects the later perception of simultaneity

for audiovisual and visuotactile stimuli in humans. To do so, we
Curren
compared the simultaneity judgments of patients treated for

congenital cataracts during infancy in one or both eyes to those

of age-matched visually normal controls. Participants reported

whether a flash and a beep (or a tap) were perceived simulta-

neously when presented at 15 different stimulus onset asyn-

chronies (SOAs) [12]. All patients were at least 11 years of age

at testing (i.e., they had at least 10 years of post-treatment visual

input), which is after the age of normal maturation for the percep-

tion of both audiovisual and visuotactile simultaneity (at 9 and 11

years of age, respectively [13, 14]).

For audiovisual events, all patients judged the two stimuli to

be simultaneous over a wider range of SOAs than did controls

(indexed by d, half of the width of the response distribution at

half height; see Figure 1 and Table 1; see ‘‘Data analysis’’ in

the Supplemental Experimental Procedures), but the pattern of

deviation differed for binocularly and monocularly deprived pa-

tients. For binocularly deprived patients, the differences were

only on trials when the flash came before the sound (Figure 1A).

This was reflected statistically in more errors in the visual-lead-

ing condition (εVF) and a larger shift of the point of subjective

simultaneity (the midpoint of the distribution) toward the

visual-leading side than in controls. The small shift toward the

visual-leading side in typical adults (Figure 2B) can be ex-

plained, at least in part, by the fact that processing time is

shorter for auditory than visual stimuli, but the shift was larger

for binocularly deprived patients than controls (indexed by the

more negative t). This pattern is different from any stage in the

typical developmental trajectory [13] and hence reflects an

atypical development.

In contrast, themonocularly deprived patients demonstrated a

wider audiovisual simultaneity window than controls in both

visual-leading and auditory-leading conditions, regardless of

the eye tested (Figures 1B and 1C). This was reflected in a higher

threshold of audiovisual simultaneity (d) than in controls, with no

significant shift of the point of subjective simultaneity (Figure 2).

They were also less likely than controls to make response errors

on the 0ms trials (εS), at least when using the deprived eye. Inter-

estingly, there were no significant differences between the

deprived eye and the fellow eye on any measure (Table 1; all

t(12) < 1.68, p > 0.12). Thus, early monocular deprivation pro-

duces a wider-than-normal window of audiovisual simultaneity

for both the deprived eye and the fellow eye. This pattern is

similar to that of children with normal eyes who have not yet

reached adult levels of precision [13].
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Figure 1. The Mean Percentage of Audiovisual and Visuotactile Simultaneous Responses

The top and bottom rows show audiovisual and visuotactile simultaneous responses, respectively. (A) and (D) are for binocularly deprived patients using the

better eye and their controls using the dominant eye; (B) and (E) are for monocularly deprived patients using the deprived eye and their controls using the non-

dominant eye; (C) and (F) are for monocularly deprived patients using the fellow eye and their controls using the dominant eye. The error bars represent ±1 SEM.

See also Tables S1 and S2 for the patients’ clinical history.
The results were strikingly different for the visuotactile events.

Both groups of patients were entirely normal, despite viewing the

same visual stimuli as in the audiovisual task. Neither binocularly

deprived (Figure 1D) nor monocularly deprived (Figures 1E and

1F) patients had a wider visuotactile simultaneity window or a

shift in the point of subjective simultaneity compared to the con-

trols. The only difference was fewer response errors in the 0 ms

trials (εS) for the monocularly deprived patients than for controls

(i.e., the peak of the distribution was higher) when using either

the deprived eye or the fellow eye (Table 2). The patients’ normal

perception of visuotactile simultaneity is surprising, since evi-

dence from an animal study demonstrates that early deprivation

in a given sensory modality prevents the normal development of

multisensory neurons associated with that modality [15].

Combined, the results from binocularly and monocularly

deprived patients indicate that early visual input to both eyes is

essential to set up the neural architecture for the development

of a normal audiovisual simultaneity window, consistent with

the results of animal studies [16, 17]. If visual input is to only

one eye, it can partially tune the deprived eye, resulting in a

typical but immature outcome for both the deprived eye and

the fellow eye. However, the amount of lifetime perceptual expe-

rience after infancy (at least beyond 11 years of age—the youn-
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gest age tested) did not determine performance (see Table S3),

contrary to the evidence frommultisensory neurons in adult cats’

superior colliculus [2].

The larger time difference between auditory and visual pro-

cessing for binocularly deprived patients than for controls (the

more negative t) is most likely caused by faster-than-normal

auditory processing rather than slower visual processing, given

that patients’ visuotactile simultaneity perception and temporal

vision are spared [10, 18]. The fact that the abnormality mani-

fested on only the visual-leading side of the audiovisual simulta-

neity window can be explained by two non-mutually exclusive

mechanisms. The first builds on the finding that attention of

binocularly deprived patients is biased toward audition over

vision [19], unlike that of typically developing adults who prefer-

entially attend to vision [20]. Signals in an attended modality are

known to be processed more quickly (i.e., the prior entry effect

[21, 22]). Hence, the binocularly deprived patients’ perception

of audiovisual simultaneity would be most likely to deviate from

normal when the visual flash was presented earlier than the

beep, as was found here.

The second account is based on adaptation to the natural con-

dition that light travels faster than sound, so that the visual signal

typically arrives earlier than the auditory signal when originating



Table 1. The Estimated Parameters for Audiovisual Simultaneity Judgments for Patients

Parameter

Binocularly Deprived

Patients Monocularly Deprived Patients

Better Eye Deprived Eye Fellow Eye

Mean (SE) p Mean (SE) p Mean (SE) p

Threshold of audiovisual simultaneity (d) 0.55 (0.28) <0.05 0.56 (0.19) <0.05 0.58 (0.21) <0.05

Point of subjective simultaneity (PSS) 0.72 (0.24) <0.05 �0.35 (0.30) 0.26 0.11 (0.32) 0.73

Auditory processing variability (lA) �0.22 (0.25) 0.39 �0.06 (0.30) 0.85 0.08 (0.25) 0.75

Visual processing variability (lV) 0.29 (0.32) 0.38 �0.24 (0.21) 0.28 �0.31 (0.22) 0.18

AV arrival time difference (t) �0.67 (0.23) <0.05 0.26 (0.35) 0.48 0.06 (0.36) 0.86

Response errors of A first (εAF) �0.22 (0.12) 0.10 0.33 (0.45) 0.49 0.55 (0.34) 0.14

Response errors of simultaneous

condition (εS)

0.32 (0.43) 0.46 �0.39 (0.12) <0.05 �0.11 (0.34) 0.75

Response errors of V first (εVF) 0.82 (0.35) <0.05 0.55 (0.35) 0.15 0.50 (0.30) 0.12

Each parameter (see ‘‘Data analysis’’ in the Supplemental Experimental Procedures) was converted into a Z score based on the mean and SD of the

age- and gender-matched control groups. We compared the Z scores of the simultaneity thresholds using one-tailed, one-sample t tests, because the

patients demonstrated a wider distribution than controls. For all other comparisons, we used two-tailed t tests. Further comparisons between the bet-

ter eye of binocularly deprived patients and the deprived eye of monocularly deprived patients demonstrated significant differences in the point of

subjective simultaneity that was shifted further toward the visual-leading side in binocularly deprived patients, t(24) = 2.77, p < 0.05. This larger shift

was attributable partly to the fact that, typically, the time is shorter for auditory than for visual processing, and this difference was larger in binocularly

thanmonocularly deprived patients, indexed by t, t(24) = 2.21, p < 0.05. Note that these results cannot be explained by the patients’ visual acuity at the

time of the test, given that visual acuity was superior for the better eye of binocularly deprived patients (mean LogMAR [logarithm of theminimum angle

of resolution] = 0.28) than for the deprived eye of monocularly deprived patients (mean LogMAR = 0.71), t(24) = 4.25, p < 0.001. A, audition; V, vision.

See also Figure S1 and Table S3.
from the same distal event. Hence, the visual-leading side is the

condition to which people adapt in daily life [23], and it is the con-

dition susceptible to perceptual training in visually normal adults

[24, 25]. Early visual deprivation may prevent such natural adap-

tation from developing optimally. This conjecture is based on the

evidence that, in binocularly deprived patients, crossmodal

adaptation for motion perception is influenced more than in con-

trol adults by auditory stimuli compared to visual stimuli [26]. The

abnormalities in both the audiovisual attention and adaptation

systems in binocularly deprived patients may arise from unbal-

anced Hebbian competition between visual and auditory inputs

before treatment, leading to the preservation, or recruitment, of

auditory signaling in cortical areas that are typically visually

dominant [4, 5], as occurs in the congenitally blind [27, 28]. How-

ever, normal visual input to the fellow eye of monocularly

deprived patients before treatment may allow a normal setup

of the audiovisual system, given that neurons in superior tempo-

ral sulcus, an area central to audiovisual simultaneity [29–32],

receive visual information from each eye. That early input from

one eye may be sufficient to set up a normal substrate for audio-

visual simultaneity, albeit not one that becomes as precisely

tuned as is achieved after normal early input to both eyes.

The audiovisual abnormalities cannot simply be the conse-

quence of abnormal visual development, since both binocularly

and monocularly deprived patients have normal simultaneity

perception of the same visual flash when paired with a tactile

tap. That rudimentary forms of audiovisual interactions are

observed at birth [33, 34] but visuotactile interactions develop

postnatally with onset at about 6–9 months of age [35–37] leads

to the expectation from previous unimodal visual studies that the

neural substrates for visuotactile interactions should have been

more likely to be impaired by early visual deprivation (i.e., the
sleeper effect [10, 38]). However, the reversed developmental

outcomes indicate that the roles of early visual experience for

the development of the visual system and for multisensory sys-

tems differ. The mechanism of crossmodal calibration during

development provides a more likely alternative explanation

[39, 40].

The constant calibration hypothesis suggests that the modal-

ity with more accurate perception (though not necessarily more

precision) calibrates the other during the development of multi-

sensory systems [40, 41]. It leads to the conclusion that the vi-

suotactile system is calibrated by touch, whereas the audiovisual

system is calibrated by vision. For the visuotactile system, the

analysis is based on the observation that most tactile events

are presented on the skin and that perceiving tactile events often

stems from reaching and grasping objects in peripersonal space.

The location and timing of these events are accurately encoded

and updated with real-time feedback by the somatotopic and

proprioceptive systems. This analysis is consistent with evi-

dence that touch calibrates vision during their interactions [42].

In contrast, audiovisual events are often distal: visual signals

arrive in a virtual instant regardless of distance, whereas for audi-

tory signals, arrival takes time, and more time is required as dis-

tance is increased. In typically developing adults, adaptation

to audiovisual asynchrony causes a shift in perceived timing,

such that the auditory signals are shifted toward the visual signal

[43]. Further, the refinement of the audiovisual simultaneity win-

dow depends on calibration in terms of the arrival time difference

between visual and auditory signals as a function of stimulus dis-

tance [44, 45]. The patients’ relatively poor vision—and, particu-

larly, their poor stereo vision, which is important for estimating

stimulus distance (Tables S1 and S2)—may prevent fine

tuning of the audiovisual simultaneity window, whereas their
Current Biology 27, 583–589, February 20, 2017 585
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Figure 2. Audiovisual Simultaneity Judgments

The (A) mean threshold of audiovisual simultaneity (d) and (B) mean point of subjective simultaneity for the binocularly deprived patients (using the better eye) and

monocularly deprived patients (using the deprived and the fellow eyes, respectively), and their paired controls. See Figure S1 for individual patients’ results. In the

control groups, the point of subjective simultaneity was significantly larger than 0 in all three conditions (all t(38) > 1.78, p < 0.05, one-tailed test) suggesting that

the point of subjective simultaneity is located on the visual-leading side, as demonstrated in previous studies [12, 13, 23, 46]. The error bars represent ±1 SEM.

See also Figure S1.
normal tactile perception allows normal fine tuning of visuotactile

simultaneity.

Even though we cannot be certain that our results reflect

abnormal audiovisual integration, rather than merely temporal

matching between the visual and auditory signal [13], our results

are consistent with previously reported abnormalities of audio-

visual perception in binocularly deprived patients. For example,

Putzar et al. [6] reported that, for binocularly deprived patients,

compared to controls, a task-irrelevant tone was less likely to

temporally capture a visual target when the visual target was

leading. This result can be explained by the binocularly deprived

patients’ lower precision of audiovisual simultaneity in the visual-

leading side demonstrated in the present study. In addition, Put-

zar et al. [6, 7] demonstrated that binocularly deprived patients

were less likely than controls to integrate visual and auditory

speech information. This is consistent with the correlation in

typical adults between a wider audiovisual simultaneity window

in the visual-leading side and smaller magnitude of audiovisual

speech integration [46, 47]. It is possible that, because binocu-

larly deprived patients are less sensitive than controls to audio-

visual simultaneity, it is harder for them to correctly bind visual

and auditory signals that should go together, especially when

the visual signal comes first.

In summary, we demonstrated that early visual input to both

eyes is critical for setting up the neural architecture for the later
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development of audiovisual, but not visuotactile, simultaneity.

Thus, normal early visual experience is necessary for some, but

not all, types of multisensory integration associated with vision.

EXPERIMENTAL PROCEDURES

Participants

Visually deprived participants were 14 patients treated for binocular congenital

cataract (mean age = 23.1 years; age range = 14–34 years) and 15 patients

treated for monocular congenital cataract (mean age = 21.8 years; age range =

11–43 years). Eleven binocularly deprived patients and ten monocularly

deprived patients took part in both audiovisual and visuotactile experiments

(see Tables S1 and S2 for details; see ‘‘Patients’ history of visual deprivation

and treatments’’ in the Supplemental Experimental Procedures).

For each visually deprived patient, we tested three age- and gender-

matched visually normal controls in the audiovisual simultaneity judgments

task and two controls in the visuotactile simultaneity judgments task. For pa-

tients younger than 18 years old, their age-matched controls were in the range

of ±1 year, while for those 18 years or older, the range was ±3 years. All con-

trols had no history of eye problems other than refractive errors, and all met our

criteria on a visual-screening exam (20/20 corrected vision on the Lighthouse

eye chart, a stereoacuity of at least 50 arcsec on the Titmus test, and normal

binocular fusion in the Worth 4 dot test). The dominant eye of the controls was

determined using the Miles test.

We tested the eye with better acuity in binocularly deprived patients and

compared it to the dominant eye of their paired controls. We tested each

eye separately of monocularly deprived patients, comparing each patient’s

deprived eye to the non-dominant eye of controls and each patient’s fellow



Table 2. The Estimated Parameters for Visuotactile Simultaneity Judgments for Patients

Parameter

Binocularly Deprived

Patients Monocularly Deprived Patients

Better Eye Deprived Eye Fellow Eye

Mean (SE) p Mean (SE) p Mean (SE) p

Threshold of visuotactile simultaneity (d) �0.28 (0.39) 0.50 0.26 (0.24) 0.31 0.10 (0.23) 0.69

Point of subjective simultaneity (PSS) 0.22 (0.31) 0.52 0.16 (0.13) 0.27 �0.03 (0.23) 0.92

Tactile processing variability (lT) 0.06 (0.28) 0.85 �0.14 (0.31) 0.68 0.78 (0.44) 0.11

Visual processing variability (lV) 0.69 (0.48) 0.19 0.70 (0.48) 0.19 �0.005 (0.23) 0.98

TV arrival time difference (t) �0.25 (0.30) 0.43 �0.34 (0.18) 0.09 0.28 (0.22) 0.24

Response errors of T first (εTF) 0.42 (0.62) 0.52 �0.21 (0.12) 0.13 0.25 (0.35) 0.50

Response errors of simultaneous

condition (εS)

�0.15 (0.24) 0.57 �0.32 (0.08) <0.005 �0.56 (0.14) <0.005

Response errors of V first (εVF) �0.13 (0.22) 0.59 0.09 (0.22) 0.69 0.03 (0.28) 0.93

As in the audiovisual task, we compared the Z scores of the simultaneity thresholds using one-tailed t tests; for all other comparisons, we used two-

tailed t tests. T, touch; V, vision.
eye to the dominant eye of controls. For monocularly deprived patients, we

counterbalanced the order of eye tested first and followed the same order

for their matched controls.

Adult participants and parents of children provided written consent; children

provided written assent. All of the participants were naive regarding the pur-

pose of the study. The study was approved by the Research Ethics Boards

of McMaster University and The Hospital for Sick Children and conformed to

the Tri-Council Statement on Ethical Conduct of Research Involving Humans

(TCPS2) (Canada).

Apparatus and Stimuli

Participants were seated in a dimly lit room with their head on a chin rest

located 50 cm from the monitor (a 24-in. LED monitor with 1,920 3 1,080

resolution) where the visual stimuli were presented. A gray ring with a 2� inner
diameter and 0.6� thickness was displayed in the center of a black back-

ground throughout the experiment. The visual stimulus was a 2� white disc

presented in the center of the gray ring for 17 ms (one frame at the 60 Hz

refresh rate). The auditory stimulus consisted of a beep presented from

speakers placed on either side of the monitor. A beep consisted of white

noise with a loudness of 57.5 dB sound pressure level (SPL) (the room had

a background noise level of 40 dB SPL). The duration of the beep was

17 ms, with 2 ms on and off ramping. The tactile stimulus was a tap induced

by a pin moving up and down (lasting 17 ms), generated by a mechanical de-

vice. Participants were asked to place the index finger of their dominant hand

on top of the tactile device, which was placed in front of the monitor and

below the ring so as to align the participant’s body midline. Presentation

of the stimuli was controlled by MATLAB (MathWorks) and Psychtoolbox ex-

tensions [48–50].

Design and Procedure

In the audiovisual simultaneity judgments task, the method of constant stimuli

was used to present the auditory beep and visual flash at each of 15 SOAs

(�500, �400, �300, �200, �150, �100, �50, 0, 50, 100, 150, 200, 300,

400, and 500 ms), where negative values indicate that the auditory beep

was presented first, and positive values indicate that the visual flash was pre-

sented first. The SOA between the flash and beep was confirmed with an

oscilloscope. Each SOA was tested twice in each block, and participants

completed ten blocks for each tested eye. Participants were allowed to

take a short break between blocks and typically took 30 min to complete

the experiment for one eye.

During the audiovisual experiment, the participants were instructed to fixate

the ring. The task was to press ‘‘1’’ if they considered that the flash and beep

were presented at the same time or ‘‘2’’ if they considered that they were

presented at different times. For participants younger than 15 years of age, re-

sponses were reported orally, and an experimenter sitting beside the partici-

pant keyed the answers into the computer.
In the visuotactile simultaneity judgments task, the SOAs and other design

features were the same, except that the beep was replaced by the tap. Dur-

ing the experiment, participants heard a continuous white noise presented

from a closed-ear headphone in order to mask the noise produced by the

tactile device. All of the participants reported their judgment orally, and an

experimenter keyed answers into the computer. The audiovisual and visuo-

tactile simultaneity tasks were completed in separate sessions, and those

who participated in both tasks (21 patients; see above) completed the audio-

visual task first.

Two practice sessions for each of the audiovisual and visuotactile tasks

were conducted prior to the main experiment. For each task, the first practice

session consisted of eight trials: four with a 0 ms SOA and one for each of a

�500, �300, 300, and 500 ms SOA. All of the participants needed to achieve

85%accuracy (i.e., nomore than one error) in order to proceed and were given

three chances tomeet this criterion. More than 90%of the participants met the

criterion on the first run, and the remaining participants met the criterion on the

second run. The second practice session consisted of one trial for each of the

15 SOAs used in the main experiment and was designed to familiarize partic-

ipants with the experimental procedure. There were no accuracy requirements

and no feedback for the second practice session.
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